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The role and molecular mechanisms of a new Hippo
signalling pathway are not fully understood in mammals.
Here, we generated mice that lack WW45 and revealed a
crucial role for WW45 in cell-cycle exit and epithelial
terminal differentiation. Many organs in the mutant
mouse embryos displayed hyperplasia accompanied by
defects in terminal differentiation of epithelial progenitor
cells owing to impaired proliferation arrest rather than
intrinsic acceleration of proliferation during differentia-
tion. Importantly, the MST1 signalling pathway is specifi-
cally activated in differentiating epithelial cells. Moreover,
WW45 is required for MST1 activation and translocation
to the nucleus for subsequent LATS1/2 activation upon
differentiation signal. LATS1/2 phosphorylates YAP,
which, in turn, translocates from the nucleus into the
cytoplasm, resulting in cell-cycle exit and terminal differ-
entiation of epithelial progenitor cells. Collectively, these
data provide compelling evidence that WW45 is a key
mediator of MST1 signalling in the coordinate coupling of
proliferation arrest with terminal differentiation for proper
epithelial tissue development in mammals.
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Introduction

Homeostasis of regenerative epithelial tissues such as skin
and intestine is maintained through a tightly balanced pro-
cess of proliferation and terminal differentiation. During
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normal epithelial development, proliferating progenitor
cells, often referred to as transiently amplifying cells, actively
divide a limited number of times before they undergo cell-
cycle exit and terminally differentiate into postmitotic cells
(Blanpain et al, 2007). Cancer can develop as a result of
inappropriate proliferation of progenitor cells accompanied
by a partial or complete loss of differentiation (Reya et al,
2001). Therefore, understanding the signalling networks that
control cell-cycle exit and terminal differentiation in epithelial
tissues will provide insights into the mechanisms underlying
tumorigenesis.

A new signalling network, known as the ‘Hippo pathway’
in Drosophila, seems to be a key developmental programme
in controlling proliferation and apoptosis for proper organ
development in Drosophila (Edgar, 2006; Harvey and Tapon,
2007; Pan, 2007; Saucedo and Edgar, 2007). The Ste-20 family
kinase Hippo (Harvey et al, 2003; Jia et al, 2003; Pantalacci
et al, 2003; Udan et al, 2003; Wu et al, 2003), WW adaptor
protein Salvador (Kango-Singh et al, 2002; Tapon et al, 2002)
and NDR kinase Warts (Justice et al, 1995; Xu et al, 1995) are
the key components of the Hippo pathway that restrict cell
proliferation and promote apoptosis in differentiating epithe-
lial cells by regulating expression of cyclin E and Diapl. The
Hippo kinase phosphorylates and activates the Warts kinase,
and this process is facilitated by the scaffolding protein
Salvador or Mats (Wu et al, 2003; Wei et al, 2007). Warts,
together with Mats, then phosphorylates and inhibits the
transcription coactivator Yorkie (Huang et al, 2005; Lai
et al, 2005). Expanded, Merlin and Fat, all of which localize
to the plasma membrane, function upstream of the Hippo
pathway (Bennett and Harvey, 2006; Cho et al, 2006;
Hamaratoglu et al, 2006; Silva et al, 2006; Willecke et al,
2006). In flies, mutations of these factors lead to increased
cell proliferation and decreased cell death.

The phenotypes of flies with mutations in the Hippo
pathway can be rescued with their respective human counter-
parts (Tao et al, 1999; Wu et al, 2003; Huang et al, 2005; Lai
et al, 2005), indicating that the Hippo pathway may have an
analogous role in epithelial tissue development in mammals.
Several reports on each mammalian component of the Hippo
pathway have shown that the pathway is involved in cell
death and cell-cycle regulation. MST1/2 kinases (Hippo
homologues) were originally reported to be involved in
apoptosis with caspase-3-mediated proteolytic activation
(Lee et al, 1998). LATS1/2 (Warts homologues) have been
implicated in the regulation of cell-cycle progression,
apoptosis (Tao et al, 1999; Xia et al, 2002), mitotic exit and
cytokinesis (McPherson et al, 2004; Yang et al, 2004). YAP
(a Yorkie homologue) is involved in apoptosis by interacting
with p73 (Matallanas et al, 2007). Although mutation of
WW45 (a Salvador homologue) has been reported in several
cancer cell lines (Tapon et al, 2002), little is known about the
functional significance of WW45 in mammals. So far,
only limited biochemical interactions have been reported,
including the phosphorylation of LATS1/2 by MST1/2, the
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associations of WW45 with MST1/2 and LATS1/2, binding of
LATS1 to MOB1 (a MATS homologue) and formation of a
complex comprising RASSF1A, MST2, WW45 and LATS1
(Chan et al, 2005; Hergovich et al, 2006; Guo et al, 2007).

The Hippo pathway has also been implicated in mamma-
lian tumorigenesis. Mice lacking LATS1 develop some types
of tumour, and hWWw45 and Mats are mutated in several
cancer cell lines (St John et al, 1999; Tapon et al, 2002; Lai
et al, 2005). NF2, the human orthologue of Merlin, is a
tumour suppressor gene, mutations of which lead to neuro-
fibromatosis (McClatchey and Giovannini, 2005). YAP is
overexpressed in mammalian cancers and transgenic mice
overexpressing YAP have an increased liver size and dyspla-
sia with expanded undifferentiated progenitor cells in the
intestine (Zender et al, 2006; Camargo et al, 2007; Dong et al,
2007). Of the Hippo pathway proteins, only LATS1-, LATS2-,
NF2- and YAP-null mice have been generated; however, these
mice are either early embryonic lethal or fail to recapitulate
defects seen in the respective Drosophila mutants
(McClatchey et al, 1997; St John et al, 1999; McPherson
et al, 2004, Morin-kensicki et al, 2006). Therefore, compared
with Drosophila, much less is known about the physiological
function of the Hippo pathway in mammalian epithelial
development. Furthermore, the molecular mechanisms by
which this pathway is regulated during development are
not fully understood in mammals.

In the present study, we generated mice lacking WW45 to
examine the role of the Hippo pathway in mammals. Mutant
embryos displayed unchecked proliferation and defects in
terminal differentiation of epithelial cells. We also revealed
the molecular mechanism by which MST1 signalling is
spatiotemporally regulated to allow cell-cycle exit and activa-
tion of terminal differentiation in epithelial cells.

Results

Retarded growth and perinatal lethality of the
WW45-deficient mice

To identify the role of WW45 in vivo, we generated WW45
mutant mice using embryonic stem (ES) cell technology. The
targeted mutation replaced a 2.4-kb genomic region contain-
ing WW45 exon 2 with a puromycin cassette, leading to
premature stop in WW45. After electroporation, the targeted
clone was identified and transmitted through the germ line
(Figure 1A). The absence of WW45 protein was confirmed by
immunoblot assay (Figure 1B). Heterozygous mice were born
healthy and fertile, and developed normally. However, only
three dwarf homozygotes were found among 954 littermates
generated from heterozygous intercrosses, indicating
that most of the null mice were embryonic lethal. Viable
WW45~/~ embryos were found at embryonic days 17.5
(E17.5) and E18.5 (Supplementary Table 1). WW45~/~ em-
bryos up to E11.5 were morphologically indistinguishable
from their control littermates. However, from about E13.5
onwards, WW45~/~ embryos were slightly smaller than the
controls, indicating a slower gain in body weight (Figure 1C).
Despite growth retardation, we observed no consistent overt
defects that would cause the embryonic lethality of mutants.
This result prompted us to examine placentas from mutants
and their littermates. WW45-null placentas displayed imma-
ture development with poor growth and vascularization of
the labyrinth layers (Figure 1D). Defective intermingling of
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fetal and maternal vessels was confirmed by staining with
anti-PECAMI1 and anti-laminin (Supplementary Figure S1).
Thus, the malfunctional labyrinth layer may affect the growth
and viability of WW45~/~ embryos.

Hyperplasia and immature differentiation of epithelial
cells in the WW45-deficient embryos

Previous Drosophila studies have proposed important roles
for SAV1 in the regulation of proliferation and apoptosis in
epithelial tissues. Thus, we performed histological analyses
of WW45 /" embryos at various embryonic stages.
Interestingly, hyperproliferation of epithelial cells was clearly
observed in the skin and intestine (Figures 2 and 3) and other
organs (Supplementary Figure S2) of the WW45/~ embryos
at E17.5.

We first characterized skin development in these WW45~/~
mice. Dividing keratinocytes are normally restricted to the
basal layer of wild-type epidermis, and as cells exit from the
cell cycle, these keratinocytes move outwards and differenti-
ate to form the spinous layers, the granular layers and the
dead enucleated stratum corneum layers at the skin surface
(Figure 2Aa). By contrast, the mutant epidermis had a more
dense basal layer and the expanded suprabasal layers were
less differentiated, with reduced enucleation and compaction
of the developing granular cells (Figure 2Aa’). Development
of hair follicles was rarely seen, and only small premature
hair follicles were seen in null embryos at this stage.
Co-staining for E-cadherin and Ki67 revealed that the mutant
skin contained increased numbers of proliferative epithelial
cells, compared with wild-type skin (Figure 2Ab, b’). Almost
all the basal cells and several suprabasal cells expressed Ki67
in the mutant epidermis, whereas proliferation was restricted
to the basal layer in the wild-type epidermis. TUNEL (terminal
deoxynucleotidyl transferase biotin-dUTP nick-end labelling)-
positive cells were also seen in wild-type epidermis but not in
mutant epidermis (Figure 2Be, €’). Thus, increased prolifera-
tion in the suprabasal layer and repressed apoptosis of
terminally differentiated keratinocytes contribute to hyperpla-
sia in the epidermis of mutant embryos.

Epithelia of WW45 /" embryos were hyperproliferative
but did not seem to undergo normal differentiation; therefore,
we investigated whether epithelial differentiation was de-
layed and/or defective in mutant epithelia using a panel of
antibodies against proteins that are expressed at defined
stages of differentiation. Keratin 14 was normally expressed
in one or two layers of basal cells in wild-type embryos,
whereas it was strongly expressed in the multilayered basal
cells in mutant embryos (Figure 2Ba, a’). Moreover, there
were increased numbers of keratin-10-expressing cells in the
suprabasal layers of the WW45/~ epidermis compared with
wild-type embryos (Figure 2Bb’). Expression levels of loricrin
and filaggrin, which are markers of late keratinocyte differ-
entiation, were significantly downregulated in mutant epider-
mis, indicating defects in late differentiation (Figure 2Bc/, d').
Skin-barrier development with X-gal staining further con-
firmed the absence of terminally differentiated layers
(Supplementary Figure S3). Electron microscopy analysis
clearly showed that the epidermis of WW45-null embryos
was thicker than the wild-type epidermis. Moreover, the
granular and cornified layers present dysmaturation in
the mutant epidermis, with nucleated cells reaching the
epidermal surface (Figure 2C). These data indicate that the

©2008 European Molecular Biology Organization



Role of WW45 in developing epithelial ti

L]

J-H Lee et al
A WT: 7.5kb B
—
Bg Bg Bg ES cell F1 mouse
WT mWWA45 locus | r ' I.I [ | .. * 4+ =+ ++ WWA45
- 1 | U : B,
Probe - 4 e
X 1 2 X Bg
: 1
Targeting vector | DT-A 1 f;_ l
P MT: 14 kb - A= ==
Bg "B — . <+ 1055 bp (WT: 1,2)
, 1 3 . = i 600 bp (MT: 1,3)
Targeted locus { “ I ! ._
> __MEFWB
1 3 +H+  H= ==
WW45 e - b | WW45*+ I
[Te]
~
w
- +[+
= 129 =+ -
2
=
2 0.5
@
z
=
8 0.4
o
0.0

.12.5 135 145 155 165 175

Figure 1 Targeted disruption of the WW45 gene by homologous recombination. (A) Schematic representation of the WW45 targeting strategy,
showing the mouse WW45 genomic locus, targeting vectors and targeted locus. Exon 2 was replaced with a puro cassette, and diphtheria toxin
A was used for negative selection. Five exons are indicated by black boxes. Also indicated are the 5'-external probe for Southern hybridization
of genomic DNA, predicted sizes of fragments with restriction sites and primer pairs for PCR. Arrowheads represent primers used for
genotyping of the WT (1 and 2) or MT (1 and 3) alleles. Bg, BgllI restriction site. (B) Southern blot analysis of genomic DNA digested with the
restriction enzyme BglII using the 5’ probe, and PCR genotype analysis of embryos. Western blot analysis (WB) shows the presence of WW45 in
cultured primary fibroblasts. The arrow indicates bands of WW45. (C) Growth retardation of mutant (—/—) WW45 embryos. Appearance of
wild-type and mutant embryos at E17.5 (top). Growth curves of wild-type (+/+) and mutant (—/—) WW45 embryos (bottom). (D)
Haematoxylin and eosin (H&E)-stained sections of placentas from E17.5 embryos. Note that the major layers had defective maturations with
reduced and disordered vasculature in mutant placentas. de, decidua; sp, spongiotrophoblast layer; la, labyrinth layer. Scale bar: 500 pm. Boxed
regions are shown at high magnification.

suprabasal mutant keratinocytes fail to stop proliferating and the FABP protein was detected at normal levels in the villi of
terminally differentiate. wild-type embryos but at markedly reduced levels in the
We also examined intestinal development in mutant em- mutant embryos (Figure 3Ba, a'). Similarly, chromogranin
bryos. Wild-type intestinal epithelium consists of a monolayer labelling, which detects differentiation along the entero-
of polarized epithelial cells organized into crypts. By contrast, endocrine lineage, was rarely detected in mutant embryos
the mutant epithelium was multilayered and displayed (Figure 3Bb, b’). Staining with Alcian blue, a marker for
hypercellularity with pseudostratified and enlarged nuclei, goblet cells, revealed a complete absence of muco-secreting
perturbed differentiation with loss of goblet cells and increased goblet cells in all mutant intestinal tracts (Figure 3Bc, /).
numbers of mitotic cells (Figure 3Aa’ and Supplementary Ultrastructural analysis also revealed poorly developed mi-
Figure S2a, a’). Furthermore, Ki67 staining revealed extensive crovillus brush borders on the apical surfaces of the villous
proliferation throughout the villus epithelium in the small enterocytes, indicating defective enterocyte differentiation in
intestine, whereas proliferative cells were restricted to the the mutant epithelium of the small intestine (Figure 3C).
crypt bases in the control epithelium (Figure 2Ab, b'). Interestingly, these mutant cells had enlarged nuclei located
Indeed, all epithelial cells in the mutant colons were Ki67- close to the apical region, indicating a loss of apical-basal
positive, indicating dysplasia (Supplementary Figure S4A). In polarity.
agreement with these results, bromodeoxyuridine (BrdU) In addition to immature differentiation of the mutant skin
pulse experiments further confirmed significantly increased and intestine, immature differentiation was also detected in
numbers of dividing cells in mutant epithelia of many organs the lungs of mutant embryos (Lee and Lim, personal obser-
(Supplementary Figure S4B). vation). Taken together, these results indicate that WW45
We then examined differentiation of the various intestinal deficiency induces hyperplasia and immature differentiation
epithelial cell lineages. During differentiation of enterocytes, in epithelial tissues.
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Figure 2 Hyperproliferation and immature differentiation in WW45~/~ epidermis at E17.5. (A) H&E-stained sections of wild-type (a) and
mutant (a’) epidermis. Evaluation of cellular proliferation was conducted by co-immunohistochemistry analysis with anti-Ki67 and anti-E-
cadherin (b, b’). Note the increased numbers of Ki67-positive cells, including in multiple cell layers, in the mutant epidermis. Quantitation of
the percentage of proliferating cells per 1 mm? area in mutant versus control epithelium from three independent experiments (+s.d.). Boxed
regions are shown at high magnification in the right panel of each genotype. WT, wild type; MT, mutant. (B) Differentiation marker expression
in the skin of wild-type or mutant embryos. Immunohistochemistry analysis was performed with antibodies against K14, K10, loricrin and
filaggrin, in addition to TUNEL staining for analysis of apoptosis. 4’,6-diamidino-2-phenylindole (DAPI)-stained nuclei are shown in blue.
Note the lack of stratification and differentiation and the increased numbers of progenitor cells in the mutant epidermis. (C) Electron
microscopy analysis of the wild-type (upper panel) and mutant (lower panel) epidermis. Note the loss of columnar morphology in basal
cells and the disorganized suprabasal cells, as well as the loss of flattened granular and cornified layers in the mutant skin. Scale bar:

100 um (A, B), 2um (C).

WW45 regulates cell-cycle exit in epithelial progenitor
cells during differentiation

We tested whether excessive proliferation of mutant cells was
due to increased proliferation rates or failure of cell-cycle exit
for terminal differentiation. First, we examined the cell-cycle
duration in epithelial progenitor cells by analysing the pro-
portion of cycling cells (Ki67 *) in S-phase 1h after injection
of BrdU (Schmahl, 1983). Although the percentage of BrdU-
labelled cells was increased in mutant embryos, the
BrdU *Ki67 * /Ki67 " labelling index was approximately the
same in wild-type and mutant embryos, indicating similar
proliferation rates in wild-type and mutant embryos
(Figure 4A). Second, we determined the frequency of cell-
cycle re-entry by assessing the proportion of dividing cells
(BrdU ™) 24 h after BrdU injection (Chenn and Walsh, 2002).
During the time interval between BrdU application and

1234 The EMBO Journal VOL 27 | NO 8] 2008

analysis, cells can leave (Ki67™) or re-enter the cell cycle
(Ki67*). The mean ratio of BrdU " Ki67 * /BrdU™" cells was
significantly increased by 49% in the mutant small intestine
and by 58% in the mutant colon compared with wild-type
controls (Figure 4B), indicating that WW45 promotes exit
from the cell cycle in epithelial progenitors during embryonic
development.

Failure of cell-cycle exit of WW45~/~ keratinocytes
during in vitro differentiation

To further analyse the rates of proliferation and differentia-
tion of epithelial cells, we isolated primary keratinocytes from
the skin of embryos. Consistent with in vivo data (Figure 4A),
WW45/~ keratinocytes had normal cell-cycle distribution
and the rate of proliferation was not significantly increased
compared with control cells (Figure 4C and data not shown).

©2008 European Molecular Biology Organization
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Figure 3 Hyperplasia and immature differentiation of WW45~/~ intestinal epithelium at E17.5. (A) H&E-stained sections of wild-type (a) and
mutant (@) intestine. Immunostaining analysis with anti-Ki67 and anti-E-cadherin (b, b’). Note the increased numbers of Ki67-positive cells,
including in multiple cell layers, in the mutant epithelium. Quantitation of the percentage of proliferating cells per 1 mm? area in epithelium
from three independent experiments (+s.d.). Boxed regions are shown at high magnification in the right panel of each genotype. WT, wild
type; MT, mutant. (B) Differentiation marker expression in the intestine of wild-type or mutant embryos. Immunohistochemistry analysis was
performed with indicated antibodies, in addition to Alcian blue staining. Note the significant reductions in the levels of terminal differentiating
cells, goblet cells and entero-endocrine cells in mutants compared with wild-type littermates. (C) Electron microscopy analysis of the wild-type
(upper panel) and mutant (lower panel) intestines. Note the reduced density of brush-border microvilli of mutant enterocytes compared with
the densely compacted, uniformly distributed microvilli of wild-type enterocytes. Scale bar: 100 um (A, B), 2 um (C).

Again, this suggests that WW45 is unlikely to regulate the
rate of proliferation. We then examined the ability of WW45
to regulate proliferation arrest and differentiation of develop-
ing epidermal cells by adding calcium, transforming growth
factor (TGF)-B or LiCl, which have been shown to induce
proliferation exit, and possibly terminal differentiation, of
keratinocytes (Hennings et al, 1980; Shipley et al, 1986;
Olmeda et al, 2003). With Ca?*, TGF-B or LiCl treatment,
the wild-type cells showed efficient growth arrest and the
numbers of BrdU-labelled cells were reduced. By contrast,
mutant cells continued to proliferate and were BrdU-positive
24h after Ca**, TGF-p or LiCl treatment (Figure 4D and
Supplementary Figure S5). Consistently, the expression of
filaggrin was evident in wild-type but not in mutant kera-
tinocytes after induction of differentiation (Figure 5A). These

©2008 European Molecular Biology Organization

data indicate that increased proliferation in WW45~/~ epithe-
lial tissues results from impaired growth arrest of progenitor
cells during differentiation rather than from an increased rate
of proliferation.

Activation of the MST signalling pathway during
keratinocyte differentiation in vitro

To further characterize the molecular mechanisms by which
WW45 regulates cell-cycle exit during differentiation, we
investigated the phosphorylation and localization of MST,
LATS and YAP in keratinocytes during differentiation.
Interestingly, autophosphorylation of MST1 was induced
upon differentiation, as shown by phospho-MST1 immuno-
blotting, indicating MST1 activation (Figure 5A). By contrast,
this autophosphorylation of MST1 was not detected in
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Figure 4 Increased numbers of cycling cells in the developing WW45 /" epithelium resulted from inefficient growth arrest. (A) The
proportion of progenitor cells (Ki67*) labelled with BrdU after a 1h pulse. There is no difference in cell-cycle length between wild-type
and mutant embryos. (B) Analysis of immunoreactivity for Ki67 in BrdU-positive cells 24 h after BrdU injection. The fraction of cells re-entering
the cell cycle (BrdU " Ki67 *) is significantly increased in mutant embryos. (C) Growth curves of primary keratinocytes isolated from wild-type
and mutant epidermis show similar proliferation rates. (D) Induction of calcium-stimulated differentiation in primary keratinocytes. The level
of BrdU incorporation in keratinocytes cultured in the absence or presence of Ca> for the times indicated is shown. The mutant keratinocytes
show inefficient growth arrest under differentiation conditions. (A-D) Data represent triplicate independent experiments (+s.d.).
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Figure 5 Activation of MST1 signalling pathway during differentiation. (A) Protein status of components of the MST1 pathway under
differentiation conditions. Primary keratinocytes were incubated with or without Ca>* for 24 h and analysed by western blot analysis with the
indicated antibodies. Note the activation of MST1, as shown by pMST1 blotting, and the mobility shift of YAP and LATS1/2 in the control
keratinocytes, but not in mutant keratinocytes, under differentiation conditions. Keratinocyte differentiation was confirmed by western blot
analysis of filaggrin expression. (B) Wild-type and mutant primary keratinocytes cultured with or without Ca** for 24 h were analysed by
immunoprecipitation with anti-MST1 and by western blot assays. Note that complex formation is only detected with Ca** treatment in the
control samples. (C) Phosphorylation of YAP by activated LATS2 through MST1/WW45. WW45~/~ primary keratinocytes were co-transfected
with the indicated plasmids and probed with the indicated antibodies. Note the mobility shift of YAP and LATS2 in the presence of MST1 and
intact WW45.
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mutant cells. Therefore, WW45 is required for MST1 activa-
tion after induction of differentiation with calcium treatment.
In addition, the mobility patterns of LATS1/2 and YAP differ
after induction of differentiation with calcium treatment
(Figure S5A). Phosphorylation of LATS1/2 and YAP was
detected in differentiated wild-type keratinocytes, but not in
differentiated mutant keratinocytes. Thus, phosphorylation
of YAP seems to be dependent on the MST1 signalling
pathway, in particular on LATS1/2, during epithelial differ-
entiation in mammals.

We then investigated whether the formation of compo-
nents of the MST1 signalling pathway might be associated
with and affect differentiation of keratinocytes. We first
transfected WW45~/~ keratinocytes with LATS1/2, MST1
and YAP with or without WW45, and then induced differ-
entiation before immunoprecipitation. In mutant keratino-
cytes, LATS1and LATS2 co-precipitated with YAP but not with
MSTI1. By contrast, these proteins form a stable complex in
the presence of WW45 (Supplementary Figure S6). Moreover,
endogenous MST1 and LATS1/2 formed a complex in kera-
tinocytes under differentiated conditions and in the presence
of WW45 (Figure 5B). In addition, YAP was fully phosphory-
lated in keratinocytes complemented with wild-type WW45
and expressing LATS2 wild type, but not in cells with wild-
type WW45 and expressing LATS2 kinase dead (KD) and
MST1 or in cells complemented with WW45 lacking the
SARAH domain, which is responsible for interaction with
MST1 (Figure 5C). These results indicate that, in mammals,
WW45 is required for MST1 activation and promotes
LATS1/2 phosphorylation by recruiting MST1 into the
complex, and that activated LATS1/2 then phosphorylates
YAP. Surprisingly, activation of the MST1 signalling pathway
in mammals seems to be specific for differentiation signals, at
least for keratinocyte differentiation.

We next found that the serine 127 of YAP was phosphory-
lated by LATS1/2 in vitro and in vivo (Supplementary Figure
S7). This result is consistent with the recent finding that
serine 127 of YAP is the primary Hippo-responsive phosphor-
ylation site (Dong et al, 2007). We further confirmed that this
is a phosphorylation site of endogenous YAP with a phospho-
serine 127 antibody during Kkeratinocyte differentiation
(Supplementary Figure S7).

Dynamic cellular localizations of MST1 and YAP during
epithelial differentiation

YAP associates with the Src family kinase at the plasma
membrane, with 14-3-3 family proteins in the cytoplasm
and with transcription factors in the nucleus, suggesting a
dynamic localization of YAP in cells (Sudol, 1994; Yagi et al,
1999; Vassilev et al, 2001; Matallanas et al, 2007). However,
the localization of other components of MST1 pathway has
not been determined. Thus, we examined the subcellular
localization of MST1 pathway components during epithelial
cell differentiation by nuclear-cytoplasmic fractionation
experiments. MST1 was mainly detected in the cytoplasmic
fraction under undifferentiated conditions, but a significant
amount was detected in the nuclear fraction after differentia-
tion induction in wild-type cells, suggesting that differentia-
tion triggered MST1 translocation to the nucleus. However,
this nuclear localization of MST1 was severely compromised
in mutant cells (Figure 6A). We also found that YAP
was found mainly in the nucleus under undifferentiated
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conditions, but it was phosphorylated and mainly detected
in the cytoplasm of differentiated wild-type cells. However,
cytoplasmic localization and phosphorylation of YAP were
compromised in mutant cells under differentiated conditions
(Figure 6A). These results indicate that induction of kerati-
nocyte differentiation triggers translocation of MST1 into the
nucleus and then activates LATS1/2, which in turn phosphor-
ylates YAP, and that WW45 is necessary for this. We further
examined the ability of MST1/WW45/LATS2 to modulate the
localization of YAP by ectopically overexpressing these
proteins in mutant keratinocytes. Consistent with previous
results, YAP was phosphorylated by LATS2 and this phos-
phorylated form was found in the cytoplasm, probably owing
to nuclear translocation of MST1 by WW45 (Figure 6B). By
contrast, these dynamic localizations of MST1 and YAP were
not seen in cells expressing WW45 lacking the SARAH
domain, which indicates that the WW45 SARAH domain is
required for this process. Moreover, the YAP S127A mutant
was mainly localized to the nucleus regardless of MST1
signalling activation, indicating that phosphorylation of
serine 127 of YAP by LATS2 in the nucleus promotes trans-
location of YAP into the cytoplasm.

We also examined the distinct localization of MST1 and
YAP by performing an immunostaining assay in differentiated
keratinocytes as well as embryo tissue sections (Figure 6C
and D). The specificity of MST1 antibody was assessed by
immunoblot and immunostaining analyses with MST1-
depleted cells (Supplementary Figure S8). Consistent with
the fractionation results, we also observed dynamic translo-
cation of endogenous YAP and MST1 during differentiation in
the wild-type cells but such translocation was not apparent in
the mutant cells during differentiation (Figure 6C). Moreover,
although phosphorylated YAP was evidently found in the
cytoplasm in differentiated wild-type cells, it was barely
detectable in mutant cells. In wild-type tissue sections, we
detected nuclear-localized YAP in proliferative basal cells,
which were Ki67-positive, and cytoplasm-localized YAP in
differentiated cells (Figure 6D and Supplementary Figure S9).
This result is consistent with the recent finding that YAP is
expressed and localized in the nuclei of the crypt compart-
ment of the small intestine (Camargo et al, 2007). However,
MST1 was detected in the cytoplasm of proliferating cells, but
in the nucleus of differentiated cells in the wild-type skin and
intestine. By contrast, many proliferating cells of mutant
embryos showed cytoplasm-localized MST1 and nuclear-
localized YAP (Figure 6D). In addition to changes in MST1
and YAP localizations, the cytoplasm of the differentiated
regions in control embryos stained positive for phosphor-
YAP, but staining levels were significantly reduced in mutant
embryos (Figure 6D). Therefore, consistent with in vitro
epithelial differentiation results, the changes in the dynamic
localization of MST1 and YAP are also likely to occur as
epithelial cells undergo differentiation in vivo, and WW45 is
likely to be a key protein in this process.

The failure of proliferation arrest and differentiation of
normal keratinocytes expressing YAP S127A

We next assessed whether the phosphorylation of serine 127
of YAP is required for inducing keratinocyte growth arrest and
differentiation. Thus, keratinocytes were infected with a
retrovirus expressing YAP wild type, YAP S127A, which is a
non-phospho form, or YAP S127D, which is a phospho-mimic
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Figure 6 Dynamic localization of MST1/YAP during differentiation. (A-C) Subcellular localization of MST1 and YAP in response to
differentiation stimuli. (A) Fractionation experiments were conducted with primary keratinocytes from wild-type or mutant embryos with
or without Ca** for 24 h. Fractionated lysates were subjected to western blot analysis with the indicated antibodies. N, nuclear; C, cytoplasmic.
(B) WW45-deficient keratinocytes were co-transfected with the indicated plasmids. After 24 h of transfection, cells were maintained in Ca?*
medium for a further 24 h before harvesting for fractionation experiments. Western blot analysis was performed with the indicated antibodies.
Note that the major cytoplasm translocation of YAP and nuclear translocation of MST1 were detected only in the presence of intact WW45.
(C) Primary keratinocytes were cultured with or without Ca>™ for 24 h and then subjected to immunostaining with anti-MST1, anti-YAP and
anti-p-YAP. Note the phospho-dependent translocation of YAP and MST1 in Ca** -induced differentiated control cells but not in mutant cells.
(D) Immunoperoxidase staining for MST1, YAP and p-YAP in wild-type (a-f) and mutant (a’-f') epithelium at E17.5. Note the intense nuclear
detection of YAP and cytoplasmic detection of MST1 in most mutant epithelial cells, which is in contrast to the dynamic distributions according
to differentiation stage in control epithelial cells. Serine 127 phospho-specific immunoreactivity was cytoplasm-specific in the differentiating
zones in the control, whereas the signal was absent from the mutant cells. Counterstaining was performed with haematoxylin. (a-c, a’-c’) Skin;
(d-f, d’-f') small intestine. Scale bar: 10 um (C) and 100 um (D).
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form. Calcium-induced differentiation signals suppressed the differentiation defect in WW45-deficient keratinocytes.
proliferation of growing keratinocytes expressing YAP wild To do this, we generated the dominant-negative form of YAP
type or YAP S127D. By contrast, YAP S127A was mainly (DN), which dominantly inhibits the function of endogenous
localized to the nucleus and its overexpression in wild-type YAP protein (Zhao et al, 2007). Importantly, YAP DN was
cells failed to cause proliferation arrest and differentiation sufficient to rescue the differentiation of mutant cells
(Figure 7A-C). These results indicate that YAP S127A is (Figure 7D and E). Taken together, these results show that
localized to and acts in the nucleus to allow cells to inactivation and subcellular targeting to the cytoplasm of
proliferate even in the presence of differentiation signals. phosphorylated YAP is required for cell-cycle exit and differ-
We also tested whether inactivation of YAP suppresses entiation initiation.
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Figure 7 Effects of phosphorylation of YAP serine 127 on epithelial differentiation. (A) The percentage of proliferative cells labelled with BrdU
under differentiation conditions. Levels of BrdU incorporation in primary keratinocytes were determined at the indicated times after retroviral
infection with the indicated genes and incubation with or without Ca?*. WT, wild type; SA, S127A mutant; SD, $127D mutant. Note the failure
of cell-cycle exit in response to Ca®*-induced differentiation in YAP-SA-infected cells. (B) Failure of YAP-SA-infected cells to differentiate in
response to differentiation stimuli. Lysates from (A) were subjected to western blot analysis with the indicated antibodies. Note the suppression
of YAP mobility shift in the absence of processed forms of filaggrin in YAP-SA-infected cells. (C) Subcellular localization of YAP, YAP SA and
YAP SD in response to differentiation stimuli. Fractionations from (A) were subjected to immunoblot analysis. Note the lack of cytoplasmic
translocation of YAP SA under Ca?*-induced differentiation conditions. (D) The percentage of BrdU-positive cells in mutant keratinocytes
infected with the indicated genes under differentiation conditions. WT, wild type; DN, dominant-negative form. Note the suppression of cell-
cycle re-entry in response to Ca® " treatment in mutant keratinocytes infected with YAP-DN. (E) Lysates from (D) were subjected to western
blot analysis with the indicated antibodies. Note the rescue of differentiation in response to Ca>* treatment in mutant keratinocytes infected
with YAP-DN. (F) Proposed model for the role of WW45 in developing epithelial tissues.
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Discussion

This study provides novel insights into the role of WW45 in
mammalian epithelial tissue development. WW45 is a key
regulator of the MST1 signalling pathway, which promotes
cell-cycle exit and terminal differentiation in developing
epithelial tissues. Ablation of WW45 leads to hyperprolifera-
tion accompanied by immature differentiation in epithelial
cells of the skin and intestine (Figures 2 and 3), and this
phenotype results from re-entry of differentiating cells into
the cell cycle rather than intrinsic acceleration of proliferation
(Figure 4). This conclusion is strongly supported by our
observations that WW45-null primary keratinocytes cannot
be efficiently induced to exit the cell cycle in response to
differentiation signals such as Ca*", TGF-B or LiCl, and that
increased proliferation rates were detected from E15.5
onwards, which is the onset of terminal differentiation events
in the epithelium (Figure 4 and Supplementary Figures S10 and
S11). The Hippo pathway has been implicated in the restric-
tion of proliferation and promotion of apoptosis in epithelial
cells, but there is little evidence that this pathway is involved
in terminal differentiation in Drosophila. Interestingly, the
mouse MST1 signalling pathway seems to have a role in
terminal differentiation in the developing epithelial tissues.

Previous studies with Drosophila have identified several
genes and their interactions in the Hippo pathway (Edgar,
2006; Harvey and Tapon, 2007; Pan, 2007); however, the
intracellular signalling of spatiotemporal regulation during
epithelial differentiation remains unclear. This study deter-
mines the underlying mechanism by which components of the
MST1 signalling pathway spatiotemporally regulate cell-cycle
exit for epithelial differentiation in mammals. We show that as
yet unknown differentiation signals specifically activate the
MST1 kinase, which then dynamically localizes to the nucleus
and activates LATS1/2, and that WW45 is required for this
process. Activated LATS1/2 then phosphorylates serine 127 of
YAP, and this phosphorylated YAP localizes to the cytoplasm
where it is inactivated (Figure 7F). Recently, the serine 127 of
YAP has been shown to be the main phosphorylation site in
the Hippo pathway and its phosphorylation results in its
cytoplasmic translocation (Dong et al, 2007); overexpression
of YAP in mice induces a severe dysplasia accompanied by
expansion of multipotent undifferentiated progenitor cells in
the skin and intestine (Camargo et al, 2007). These pheno-
types are quite similar to those seen in WW45-null embryos.
Here, we have shown that phosphorylation of serine 127 of
YAP by LATS1/2 in MST signalling occurs during epithelial
differentiation. Based on our observations, we propose a
hypothesis that, during formation of mature epithelial tissues
in mammals, the MST1 pathway is activated by differentiation
signals and determines when precursor cells stop dividing and
terminally differentiate, and that WW45 may be central to this
process (Figure 7F). Interestingly, transgenic mice overexpres-
sing YAP S127A in the liver displayed enlarged livers
(Camargo et al, 2007; Dong et al, 2007), supporting the
hypothesis that Hippo signalling regulates mammalian organ
size. However, no organs of increased size were seen in
WW45~/~ embryos, which could be due to placental defects
or another genetic compensation. Thus, tissue-specific or
conditional knockout experiments in mice are required for
further clarification of the role of the MST1 pathway in
regulation of organ size in mammals.
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Recent studies in Drosophila have indicated that, together
with cyclin E, Diapl and bantam may be additional targets of
Yorkie (Nolo et al, 2006; Thompson and Cohen, 2006).
However, unlike in Drosophila, no direct target genes were
identified in the MST1 pathway. Of interest, quantitative RT-
PCR revealed that, although slightly increased, expression
levels of cyclin E, cIAP, XIAP and survivin were not signifi-
cantly upregulated in WW45 /" cells, indicating that other
targets of YAP control developmental homeostasis in mam-
malian epithelial tissues (Supplementary Figure S12). Based
on our observation that YAP DN is sufficient to rescue the
cell-cycle exit and differentiation of WW45~/~ cells, identifi-
cation of the downstream targets or mediators of YAP will
provide important insights into how YAP could control both
cell-cycle exit and terminal differentiation.

We also found that WW45 deficiency led to disruption of
contact inhibition of proliferation (data not shown), as is also
seen with loss of LATS2 and NF2 (Lallemand et al, 2003;
McPherson et al, 2004; Okada et al, 2005). WW45 is also
likely to participate in the contact inhibition signalling path-
way. Loss of contact inhibition might be associated with
the hyperplasia observed in epithelial tissues of WW45 7/~
embryos. Recently, inactivation of YAP in the Hippo pathway
has been shown to contribute to cell contact inhibition and
tissue growth (Zhao et al, 2007). Thus, further studies should
investigate whether defects in contact inhibition in WW45~/~
cells are due to a failure of YAP inactivation.

Perturbations in MST1 signalling lead to inappropriate
proliferation and expansion of cell compartments, which in
turn lead to increased risks of cancer-associated mutations.
Several results support the importance of the Hippo pathway
in mammalian tumorigenesis. Loss of expression of LATS1/2,
hWW45 and Mats has been reported in cancer cell lines
(Tapon et al, 2002; Lai et al, 2005; Takahashi et al, 2005;
Jiang et al, 2006). Mice with mutations in LATSlor NF2
develop tumours, and YAP transcription is increased in the
mouse tumour model (St John et al, 1999; McClatchey and
Giovannini, 2005; Zender et al, 2006). Moreover, YAP can
transform immortalized mammary epithelial cells in vitro and
transgenic mice overexpressing YAP develop liver cancers or
intestinal dysplasia with loss of differentiated cell types
(Overholtzer et al, 2006; Camargo et al, 2007; Dong et al,
2007). In addition to these reports, this study revealed that
dysfunction of a single gene, WW45, affects most developing
epithelial tissues and induces characteristics of a precancer-
ous state: uncontrolled proliferation, partial loss of epithelial
polarity and block of terminal differentiation. However, no
such phenotypes have been reported in mice lacking LATS1,
LATS2 and NF2. Multiple homologues of the fly Hippo path-
way exist in mammals; hence, there may be functional
redundancy of these proteins. However, WW45 is the only
mammalian homologue of the Sav in the Hippo pathway, and
its loss led to marked phenotypic changes in many epithelial
tissues. Importantly, we found that, during a 14-month ob-
servation period, 22% of WW45 heterozygous mice developed
some type of tumour including osteosarcoma and hepatoma
(Lee and Lim, personal observation). Therefore, future studies
should investigate how the heterozygous status of WW45
initiates tumorigenesis and the molecular characteristics of
developed tumours in these mice. Finally, WW45-knockout
embryo or WW45 heterozygous mice could be a suitable
model for tumorigenesis studies of the MST1 pathway.

©2008 European Molecular Biology Organization



Materials and methods

Generation of WW45-null mice

WW45~/~ mice were generated using standard ES cell (R1)
homologous recombination and blastocyst injection techniques. A
targeted ES cell clone was injected into C57BL/6 blastocysts to
generate germline-transmitting chimaeric mice. Mice and ES cells
were genotyped by PCR assays with primers WW45-L (TGACC
ATGTGTCCAGCCTTA), WW45-R (CGAATGGATGCTGCATATTG) and
pPGK-3 (GCACGAGACTAGTGAGACGTGCTAC).

Histological analysis

Embryos were fixed in 4% paraformaldehyde and embedded in
paraffin. Sections (4 pum) were stained with H&E or subjected to
immunohistochemical analysis. Immunohistochemical analysis
was performed using standard protocols with antibodies against
PECAM-1, laminin (Abcam), BrdU, E-cadherin, B-catenin (BD),
Ki67 (Novocastra), anti-filaggrin, loricrin, K10, K14, K1 (Covance),
iFABP (gift from Dr JI Gordon), chromogranin A (Immunostar), YAP
(Cell Signaling, Santa Cruz), and p-YAP (Cell Signaling). Peroxidase
levels were assessed using the EnVision™ +Dual Link System-
HRP(DAB +) (DakoCytomation). Intestinal goblet cells were
stained with Alcian blue to detect mucin. The TUNEL assay was
performed using a commercial staining kit (Roche). BrdU incor-
poration experiments were performed by injecting pregnant females
intraperitoneally with BrdU (Sigma) at a concentration of 100 pg per
g body weight. At 1, 2 or 24h after injection, embryos were
dissected and fixed for immunohistochemical analysis.

Electron microscopy

Electron microscopy analysis of tissue samples was performed
according to standard protocols. Briefly, samples were fixed with
3% glutaraldehyde for 2h and then washed with 0.1 M cacodylate
buffer containing 0.1% CaCl,. Samples were then post-fixed with
1% Os04in 0.1 M cacodylate buffer (pH 7.2) containing 0.1% CaCl,
for 2h at 4°C. After dehydration in graded alcohol concentrations,
the cells were embedded in Spurr’s epoxy resin. After polymeriza-
tion of the resin at 70°C for 36h, serial sections were cut and
mounted on formvar-coated slot grids. Sections were stained with
4% uranyl acetate for 10 min and with lead citrate for 7min. A
Tecnai G2 Spirit Twin transmission electron microscope (FEI
Company, USA) and a JEM ARM 1300S high-voltage electron
microscope (JEOL, Japan) were used.

Plasmid construction

Human cDNAs for WW45, MST1, LATS1/2 and YAP were cloned
into pDK-Flag2 or pCMV-HA (HA: haemagglutinin), which had been
modified from pcDNA3.1 or pcDNA3 (Invitrogen). Site-directed
PCR mutagenesis was used to introduce the missense changes
S127A and S127D into the YAP sequence. The S127A nuclear-
localizing form with a deletion of the C-terminal TA domain of
YAP was generated and used for YAP-DN mutant form.
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Generation of antibodies

Rabbit polyclonal antibodies to MST1 were prepared with purified
recombinant hexahistidine (Hisg)-tagged MST1(K59R) as the anti-
gen and then affinity purified and used for immunostaining. Rabbit
polyclonal antibodies to WW45 (Rb Ctr#1) were generated by
injecting rabbits with a keyhole-limpet-haemocyanin-conjugated
peptide corresponding to the 14 C-terminal amino acids of mouse
WW45 (RKQRQQWYAQQHGK). Specific antibodies were affinity
purified with the appropriate antigens.

Primary keratinocyte cultures

Keratinocytes isolated from embryos at E17.5 were cultured in PCT
Epidermal Keratinocyte Medium (Chemicon). Differentiation was
induced by adding CaCl, to a concentration of 1.2 mM, TGF-f to a
concentration of 1ng/ml (R&D) and LiCl to a concentration of
10mM to the culture medium. BrdU was added to the medium
(10uM) and cells were incubated for 1h before being fixed and
processed for immunostaining. For growth curve analysis, 3 x 10°
cells from passage 2 were plated in six-well plates, and the total
numbers of cells were counted daily. Transfections were performed
with Effectene reagents (Qiagen) or with polyethyleneimine
(Sigma). Retroviral infections were performed according to stan-
dard protocols.

Immunoprecipitation, subcellular fractionation, western blot
analysis and immunofluorescence

Primary keratinocytes were lysed in 25mM Tris-HCI (pH 7.4),
150mM NaCl, 1 mM EDTA, 1 mM MgCl,, 0.2% Triton X-100, 0.3 %
NP-40, protease inhibitors and phosphatase inhibitors. Cell lysates
were incubated for 2 h at 4°C with antibodies and then with protein
A/G plus-agarose beads. Immunoprecipitates were subjected to
western blot analysis. Separation of nuclear and cytoplasmic
extracts was performed using NE-PER® Nuclear and Cytoplasmic
Extraction Reagents (Pierce). Western blot analysis was performed
using antibodies against YAP, p-YAP, MST1, p-MST1 (Cell Signal-
ing), LATS1, LATS2 (Bethyl Laboratories Inc.), HA, filaggrin
(Covance), laminin B (Santa Cruz), o-tubulin (Chemicon), Flag
(Sigma) and WW45. For immunostaining analysis, keratinocytes
were fixed and then exposed consecutively to primary and
secondary antibodies. Slides were mounted with DAPI and imaged.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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